Train passages induce forces on the track, train-induced vibrations propagate through the soil and excite neighbouring buildings. The emission, which is the first part of the prediction of vibrations near railway lines, is presented by focusing on the dynamic axle loads. The calculation of the axle loads is based on the vehicle-track-soil interaction. This interaction calculus utilises the dynamic stiffness of the vehicle (the inertia of the wheelset) and the dynamic stiffness of the track-soil system. Based on various time consuming finite-element boundary-element calculations, an approximate track-soil model has been established. The vehicle-track-soil analysis yields several transfer functions between the various geometric or stiffness irregularities and the axle loads of the train. Geometric irregularities of the vehicle (the wheels) and the track (rail surface and track alignment) are the simplest components. Geometric irregularities of the subsoil (trackbed irregularities) have to be transferred to effective irregularities at rail level. The bending stiffness of the track is filtering out the short-wavelength contribution. Stiffness irregularities occur due to random variations in the ballast or the subsoil, which must also be transferred to effective track irregularities, and due to the discrete rail support on sleepers. All necessary transfer functions for the prediction of axle-load spectra are presented as general formula and as specific graphs for differing vehicle and track parameters. The prediction method is applied to a ballast track and a slab track and compared with corresponding axle-box measurements. Moreover, ground vibration measurements at numerous sites are exploited for the axle-load spectra and the validation of the prediction method. All theoretical and experimental results confirm that the dynamic axle-load spectra have an approximate value of 1 kN per third of octave and increase with train speed, track stiffness and around the vehicle-track resonance.
INTRODUCTION
Train passages induce static and dynamic forces on the track, the train-induced vibrations propagate through the soil and excite neighboring buildings. The problem of train vibrations is divided into the parts, which is outlined in Fig. 1 , emission, which is the excitation by railway traffic (the present contribution), transmission, which is the wave propagation through the soil, 1 and immission, which is the transfer into a building.
2 The present contribution deals with the prediction of the emission part so that now all parts of the prediction of traininduced ground vibration are published in a series of articles in the International Journal of Acoustics and Vibration. The link between the emission and transmission parts of the prediction is the excitation force between the track and the soil. This excitation force, also denoted by axle load (or axle-load spectrum), is the topic of this contribution.
In the literature on train induced ground vibration, only a few contributions deal explicitly with excitation forces, for example.
3-9 In two-step prediction methods, 10, 11 which can be wrong if the soil is missing in the emission part, the excitation force is transferred from the emission to the transmission part, but it is rarely presented.
12 Early and mainly experimental contributions such as 13, 14 consider the vibration of the track, or at a measuring point 3 or 8 m away from the track as the emission of the train. These vibrations include already the stiffness of the soil at the specific site, so that they cannot be regarded as an emission quantity. The current prediction methods mostly hide the excitation forces in a black-box prediction from track irregularities. 15 The presentation of excitation forces is advantageous for the prediction of ground vibration as well as for the evaluation of the reduction effect of elastic track elements. 16, 17 It can be observed that the soil is often disregarded if the vehicle-track interaction is in focus, 18 and that the excitation force is not usually analyzed if the wave propagation through the soil is in focus. Obviously, the prediction and analysis of railway induced ground vibration needs both, and the analysis of the vehicle-track interaction and a detailed soil model for the wave propagation. This comprehensive approach has been used and propagated by the author since the analysis of the sleeper passage component of the ICE test runs. 19 The same approach has been presented in Auersch. 1, 16, 20, 21 Forward and backward transmission analysis is used in this contribution to improve the knowledge on the excitation process and the excitation forces of railway induced ground vibration.
METHODS OF VEHICLE-TRACK-SOIL INTERACTION

Vehicle and Track Irregularities
The main causes of train-induced ground vibrations are irregularities of the vehicle and the track, which are most simply described as geometric irregularities s at the interface between wheel and rail. The irregularities are described as functions of the wavelength λ, the wavenumber ξ = 2π/λ, the circular frequency ω = v T ξ or the frequency f = vT /λ. These are all related by the speed v T of the train. The amplitudes s of the different irregularities depend on the condition of the vehicle and track, but the following general rules for the thirdof-octave spectra have been found to be 
